INTRODUCTION
Although clinicians involved in the management of spinal cord injury (SCI) have been encouraged by the increasing number of bench-tobedside translations, which have led to clinical trials, a consensus standard of care for improving neurological outcomes has yet to be established. [1] [2] [3] Within this context, the ongoing effort to find promising new treatments has included investigation of the immune system response to injury as a therapeutic target. Specifically, study of the macrophage immune response to injury in the poorly-regenerative adult rodent central nervous system has been shown to be blunted and delayed compared with that in the more robustly regenerative peripheral nervous system. 4, 5 Manipulation of macrophage activation by monocyte co-incubation with peripheral nervous system tissue was initially studied in a rodent optic nerve transection model, which showed improved regeneration of nerve fibers exposed to macrophages activated with sciatic nerve. 6 The study of peripheral nerve-activated macrophages in a rat spinal cord transection model followed, showing partial behavioral and electrophysiological recovery of hind limb motor function as well as immunohistochemical evidence of nerve fiber continuity across the lesion site. 7 A more clinically relevant model was studied with skinactivated macrophages injected into contused rat spinal cord that resulted in improved motor recovery and reduced spinal cyst formation. 8 This study also identified macrophage characteristics associated with the activation paradigm, finding elevated macrophage expression of cell surface molecules characteristic of antigenpresenting cells as well as macrophage secretion of interleukin-1b and brain-derived neurotrophic factor. The authors posited that co-incubation of monocytes with excised skin (an injured tissue with regenerative capacity) produces macrophages with an 'alternatively activated' wound-healing phenotype. This beneficial phenotype would not only provide direct benefit by removal of growth-inhibitory myelin components from the cellular environment and the potential secretion of trophic factors, but would also provide indirect benefit through cytokine signaling and activation of the local adaptive immune response. 8 These pre-clinical findings led to an open-label phase 1 clinical trial of autologous incubated macrophages for treatment of patients with acute complete C5-T11 SCI. 9 That trial enrolled eight participants with complete SCI who were treated with autologous macrophages prepared by co-incubating peripheral blood monocytes with harvested autologous skin. A total dose of 4 million macrophages was introduced directly into the spinal cord within 2 weeks of SCI by four separate injections at the caudal boundary of the contusive lesion (bilateral 20 ml injections into lateral white matter, bilateral 10 ml injections into the dorsal columns). The participants were followed for 12 months with serial neurological examinations and clinical follow-up of adverse events (AEs). During the study period, 3 of 8 subjects (37.5%) exhibited improvement in their American Spinal Injury Association (ASIA) Impairment Scale (AIS) grade from A (complete injury) to C (sensory and motor incomplete). AEs included several categorized as severe (pulmonary embolism in two patients, osteomyelitis in one patient) and a list of other AEs that are commonly seen in patients hospitalized with SCI. With these results showing a higher recovery rate than that commonly reported in the literature and an AE experience that did not suggest significant safety concerns, the present study was initiated in 2003 as a phase 2 multicenter randomized controlled trial (RCT) of autologous incubated macrophage therapy for acute complete SCI-the first RCT of a cell-based intervention for patients with acute SCI. This project studied the hypothesis that treatment with autologous incubated macrophages introduced into the spinal cord within 14 days of SCI would be associated with improved neurological outcomes and reasonable safety. The logistics of conducting a rigorous clinical trial of a cell-based surgical intervention within the short time lines of acute SCI treatment were challenging and have been reported separately. 10 Here we report the efficacy and safety findings of the phase 2 multicenter trial.
METHODS

Study design and setting
This study was a phase 2 multicenter randomized parallel group controlled trial comparing autologous incubated macrophage treatment with standard care utilizing single-blinded outcome assessment of the primary and secondary endpoints. Participants were enrolled in one of the six SCI centers in the United States and Israel (Table 1) .
Participants
The trial enrolled participants with acute SCI who could receive the study intervention within 14 days of injury and were determined, based on the International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI) 11 to have neurologically complete injuries (AIS A) between C5 motor/C4 sensory level and T11 neurological level. The complete list of inclusion/exclusion criteria are listed in Table 2 , several of which are related to the study intervention and thus deserve additional comment. The 2-week treatment window was chosen based on unpublished preclinical rat studies that showed lack of response when the macrophage intervention was delayed 14 and 21 days after injury. The blood transfusion exclusion was intended to insure that only autologous monocytes were utilized in the treatment. Patients with hemoglobin levels of o8.5 g dl À1 were excluded because of the need for a 250 ml blood harvest for cell processing, which would have aggravated the existing anemia before major surgery. Patients with a history of chronic treatment with immune modulating drugs or injury-related steroid treatment within 5 days of tissue harvest were excluded because of concerns that such treatment might interfere with macrophage activation during cell processing. Patients on concomitant treatment with erythropoietin were excluded because of unpublished experience, suggesting an increased likelihood of cell processing batch failure. Contusion length 43 cm measured by magnetic resonance imaging (MRI) was an exclusion intended to eliminate subjects less likely to respond to the study intervention. This was based on the phase 1 trial experience that 'responders' (subjects who became neurologically incomplete during the study period) had contusion lengths of p3 cm. The contusion length was determined by software 'ruler' assessment of the rostral-caudal extent of blood product signal within the spinal cord; that is, not a measurement of edema signal.
Patients identified as being potentially eligible were approached to determine interest in trial participation. Those who wished to participate completed informed consent and were enrolled. After screening assessment of demographic, neurological, laboratory and MRI variables was performed, those who met eligibility criteria were randomly assigned in a 2:1 ratio to either the treatment or control groups, respectively.
Randomization
Centralized computer-generated randomization tables with block size of nine participants were used to determine assignment within the study center. The block size was not known by the study center personnel. The randomization scheme was designed to produce a 2:1 ratio of treatment to control group assignment by center. Sequentially numbered sealed envelopes containing designation of treatment or control were maintained at each study center and opened in sequence after confirmation of eligibility to reveal group assignment. Participants assigned to the control group received standard-of-care treatment for SCI. Participants assigned to the treatment group received standard-of-care treatment for SCI as well as administration of autologous incubated macrophages. On the basis of practical and ethical considerations, incorporation of a sham intervention procedure was not undertaken in this trial; hence, the participants were aware of their group assignment from the time of randomization. 10 
Intervention
Preparation of macrophages for use in the treatment group participants began with autologous skin and blood harvest. Approximately 230±20 ml of peripheral blood was withdrawn for cell processing. Autologous skin was harvested as a 12 Â 3 cm diamond-shaped full thickness excision of the dermal layer from the medial surface of either arm. The harvested blood and skin were delivered to a specified Cell Center certified by the study sponsor to manufacture autologous incubated macrophage therapy according to Good Manufacturing Practice. The details of cell processing have been previously described. 9 An enriched monocyte fraction was obtained by centrifugation on density gradients. These cells were co-incubated with decontaminated skin segments for 1 day with the resulting cell preparation being assessed for release criteria that verified suitability for transplantation based on characteristics including viability (X80%) and purity (X60% CD14 þ macrophages) listed in Table 3 . One and a half million cells were suspended in 120 ml of medium and placed into a 0.3 ml U-100 Microfine syringe with a 30G fixed needle and sterilely packaged for delivery to the operating room where they were administered to the participant within 4 h of syringe loading. Accounting for final assessment of release criteria, packaging and documentation, the cells typically were released from the Cell Center to the operating room with 2 h remaining in the cell expiration window (approaching the end of the trial, additional cell stability studies permitted extending this cell expiration time to 8 h). The mean elapsed time between initiation of cell processing and cell product expiration (the time window by which completion of cell injection was required) was 37 h 12 min (range of 36 h 3 min-38 h 12 min). All cell injections were accomplished within the defined time window. Surgical administration of the autologous incubated macrophages was performed under general anesthesia with appropriate antibiotic prophylaxis. With the participant in the prone position, a linear midline incision was made over the site of the injury based on preoperative MRI localization. Following bilateral paraspinal muscle separation and retraction, existing surgical instrumentation was removed as necessary for adequate exposure. Laminectomy was then performed to extend one level above and below the injury site. Intraoperative fluoroscopy was used as necessary for confirmation of the injury site referenced to preoperative MRI anatomic landmark correlations. The dura was then opened at the midline and retracted laterally by stay sutures allowing direct visual confirmation of the injury location. The caudal contusion boundary had been identified preoperatively by MRI and correlated with anatomic landmarks for intraoperative localization. At the neurosurgeon's discretion, intraoperative spinal sonography was also utilized for precise identification of the contusion boundaries (11 of the 26 procedures), verifying the preoperative MRI-defined localization. Six 20 ml injections, each containing 250 000 autologous incubated macrophages (total dose of 1.5 Â 10 6 cells in 120 ml), were performed with a single hand-held syringe at the caudal boundary of the spinal cord contusion. Risk/benefit considerations prompted the choice of injection location based on unpublished preclinical rat studies demonstrating that optimal effect could be achieved with macrophages delivered to the caudal contusion boundary and that the addition of rostral injections did not improve the recovery rate. After each injection, the syringe needle was left in place for an additional 20-30 s to prevent the injected material from exuding out the needle track. Accurate delivery of volume was confirmed in 152 of 156 injections (97.5%) performed in the 26 participants with only four discrepant injection volumes reported (range 15-30 ml). Cell injection material expression from the needle track was documented in only 4 of the 156 injection sites in a single participant. The injections were directed symmetrically into the region of the posterior columns, corticospinal tracts and spinothalamic tracts. Localization coordinates (depth and distance lateral from midline) of the individual injections was determined by surgical judgment and not defined precisely in the protocol. The dura was then closed primarily or with expansion duraplasty at the discretion of the neurosurgeon. 12. Serious pre-existing medical conditions. 13. Any disease, concomitant injury, condition or treatment that interferes with the performance or interpretation of the neurological examinations.
Previous or concomitant treatment with:
Immune modulators or experimental drugs within 60 days before study enrollment.
Concomitant treatment with immune modulators (that is, dexamethasone, methylprednisolone) within 5 days before skin harvesting. Concomitant treatment with hematopoietic inducers (that is, erythropoietin) following injury. 15. Patient is unlikely to be available for follow-up as specified in the protocol. 16 . Patient has a condition or has received medical treatment that, in the judgment of the investigator, precludes successful participation in the study. Instrumentation was then replaced if previously removed and final layers of closure accomplished.
Rehabilitation
The protocol specified that rehabilitation would be conducted by an interdisciplinary team in a program that meets the accepted standards of care to achieve the outcome goals outlined in the Consortium for Spinal Cord Medicine Clinical Practice Guideline 'Outcomes Following Traumatic Spinal Cord Injury' . 12 
Outcome measures
The primary efficacy outcome measure was the AIS grade defined by the ISNCSCI. There were three secondary efficacy outcome measures: (1) recovery of two or more motor/sensory levels (in cervical patients) as defined in the ISNCSCI, (2) recovery in motor and sensory total index scores as defined in the ISNCSCI, and (3) recovery of bowel and bladder function by participant self-report questionnaire. Research personnel responsible for performing the ISNCSCI examinations that formed the basis for the primary and secondary endpoints were specifically trained in examination procedures and tested for inter-rater reliability using test volunteers with SCI. The training results for the ISNCSCI motor and sensory outcome examiners in this study have been previously published showing good intra-rater and inter-rater reliability (intraclass correlation coefficient values in the 0.95-1.00 range) except for sensory scores in individuals with incomplete SCI (where the intraclass correlation coefficients were 0.86 for light touch, 0.69 for pin prick). 13 Baseline motor and sensory test abnormalities above the neurological level that were the result of non-SCI pathology and that returned to normal during the study period were treated as normal. Similarly, baseline 'not tested' values above the neurological level owing to casting or other immobilization that subsequently tested normal when unrestricted were treated as normal. Baseline 'not tested' sensory dermatomes below the level of injury owing to bandages or halo-vest coverage and so on were treated as absent when subsequent testing confirmed absence of function. The ISNCSCI-based measures were obtained at baseline and at the 1-week, 1-month, 3-month, 6-month, 9-month and 12-month follow-up visits; the bowel and bladder questionnaires were administered at follow-up months 1, 6 and 12. Additional exploratory outcome measurements collected included the Functional Independence Measure (FIM) as a measure of functional capacity/burden of care (at day 7 and months 1, 6 and 12), the Craig Handicap Assessment and Reporting Technique (CHART) as a measure of participation (at months 6 and 12), and the Satisfaction With Life Scale (SWLS) as a measure of quality of life (at months 6 and 12). The safety outcome of the trial was defined by the incidence of AEs reported during the study period (collected at baseline, day of study procedures, and all scheduled follow-up visits).
Blinding
The key primary and secondary outcome measures obtained at 6, 9 and 12 months were collected in a single-blinded manner with tape bandaging covering the protocol-defined areas of presumed skin harvest and macrophage injection surgery. During these examinations, participants were instructed not to reveal their group assignment. All primary and secondary outcome measures at the specified time points were successfully obtained in a blinded fashion using this protocol.
Sample size
The a priori target enrollment for this study was 61 participants based on assumptions of differential AIS grade improvement over 1 year in participants with complete SCI enrolled and treated 7-14 days after injury. The assumptions and other considerations utilized in power calculations that resulted in this enrollment target have been previously reported. 10 Results from the published phase 1 study 9 and additional experience from a separate unpublished phase 1b study and compassionate use subjects were used to estimate treatment group response. Control group response was estimated for AIS A participants enrolled at 1-2 weeks after injury by analysis of several existing SCI databases (Israeli and the National Spinal Cord Injury Database from the United States). These analyses suggested that the proportion of AIS A to B conversions in participants enrolled at 7-14 days would be 0.04 and 0.08 in the control and treatment groups, respectively. Similarly, the proportion of A to C (or better) conversions was assumed to be 0.03 for controls and 0.23 for the treatment group. Because this was an exploratory phase 2 trial, the power calculations utilized an Alpha of o0.20. With these assumptions, utilizing the Wilcoxon Rank Sum test, a sample of 34 participants in the treatment arm and 17 participants in the control arm provides 80% power for detecting significant effect. A dropout of up to 10 participants was assumed, raising the enrollment target to 61.
Statistical plan
The a priori analysis plan for the primary outcome utilized a specific AIS improvement score with participants remaining AIS A assigned a score of '0' , those improving from AIS A to AIS B assigned a score of '1' , and those improving from AIS A to AIS C or better assigned a score of '2' . The primary efficacy analysis compared the AIS improvement scores between the groups using the Wilcoxon Rank Sum test. The planned primary efficacy analysis was performed in two ways: the first utilizing all participants with at least 6 months of follow-up, the second analyzing only those participants for whom the primary efficacy endpoint was measured at the final 12-month time point. The P-value for these analyses of the primary outcome was set at 0.050. The planned secondary efficacy analysis utilized Fisher's exact test for betweengroup comparisons of binary endpoints (for example, recovery yes/no). Analysis of changes from baseline in total motor and sensory scores was performed utilizing the t-test. The incidence of AEs was compared between the groups and analyzed for significance utilizing Fisher's exact test. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
Amendments to the protocol
There were several notable changes to the protocol during the course of the study.
1. The inclusion criterion for the rostral level of injury was changed from C5 neurological level to C5 motor level after several screen failures due to abnormal sensory testing at the C5 key point in participants with C5 motor level (and C4 sensory level). As the criterion was based on concerns related to the risk of motor level ascent, the change was intended to reduce the likelihood of screen failure while preserving the intended safety rationale. 2. After the first 12 participants had been enrolled (including 6 in the treatment group), the protocol was amended to increase the cell concentration prepared for loading into the surgical syringes. This change was prompted by analysis of treatment group syringes, which showed the calculated delivered dose was only 66% of the protocol-specified total dose of 1.5 million cells. Thus the first six treatment group participants were under-dosed compared with the subsequent 20 treatment group enrollees. 3. Just before the stoppage of the trial, the protocol was amended to go to a six syringe injection kit (one syringe filled with 20 ml of cell suspension per injection site) to allow for easier assurance of injection volume consistency.
Trial registration
The trial was registered on clinicaltrials.gov (identifier NCT00073853).
RESULTS
Recruitment and participant flow
The trial commenced recruitment in October 2003 and concluded recruitment in March 2006 after 50 participants had been randomized. Recruitment was stopped by the sponsor short of the target enrollment owing to financial reasons that were not related to the trial. Active participants continued to be followed until October 2006 when, with funds completely depleted, the sponsor halted follow-up. A total of 10 participants (6 treatment and 4 control) reached the 6-month but not the final 12-month measurement point. In all, 8 of these 10 failures to achieve the 12-month follow-up visit were due to the sponsor's termination of study follow-up (5 in treatment group, 3 in control group); 1 (control group) was due to the participant leaving the country and one (treatment group) was for unknown reasons. Participant flow is described in Figure 1 . A detailed discussion of the recruitment pragmatics for this trial has previously been published. 10 Participant demographics are displayed in Table 4 . Comparisons of age, body mass index, neurological level (cervical vs thoracic), etiology, spine surgery, performance of spinal decompression/fusion, and the use of acute corticosteroid treatment did not show significant differences between the groups. The time from injury to macrophage injection for the treatment group participants was a mean of 12.93 days (median 13, mode 14, range 9 to 17). There was only one exception to the 14-day macrophage injection window, a participant receiving macrophages at 17 days who had cell processing batch failure and was allowed to undergo repeat skin/blood harvest and processing, enabling macrophage injection as a protocol deviation.
Primary outcome
The complete efficacy analysis set (n ¼ 43) was comprised of participants who had at least 6 months of follow-up. It included all those assigned to the control group (n ¼ 17) and treatment group participants who received macrophage injection (n ¼ 26). There were two planned analyses of the primary outcome: one on all participants followed for at least 6 months (n ¼ 43) and the other restricted to those who had a full 12 months of follow-up data (n ¼ 33). Table 5 summarizes the AIS outcomes. Although there was a trend favoring control, which was stronger in the X6-month analysis set than the full 12-month analysis set, the results did not show a statistically significant difference between the groups. The proportion of participants in the full analysis set who converted from complete to incomplete neurological status was 26.9% in the treatment group and 58.8% in the control group. Of the 17 participants in the complete efficacy analysis set who were classified as incomplete at their last follow-up, 11 experienced 'anal-only' recoveries, leaving 6 that recovered more than ano-rectal sensation and/or anal contraction (2 in the treatment group, 4 in the control group). Of these, only 3 (1 treatment, 2 control) recovered any light touch or pin prick sensation in the L1 to S2 lower extremity dermatomes. Four participants improved to AIS C but none of them showed any recovery of lower extremity motor function-all were classified as AIS C only by virtue of anal contraction.
Several other post hoc analyses of the primary outcome were performed to further study the potential influence of other independent variables. To investigate the influence of injury level, the primary outcome was assessed separately for participants grouped by neurological level (cervical or thoracic). There was no significant difference between treatment vs control in either case (cervical P ¼ 0.269; thoracic P ¼ 0.062). The potential contribution of center effects was examined by analyzing the treatment vs control group differences for each of the study centers. The resultant P values ranged from 0.20 to 0.74, indicating that the primary outcome results were not statistically significant for any of the individual centers. We also examined the potential contribution of under-dosing, which occurred during the first 9 months of the study, by comparing the primary outcome analysis for participants enrolled before (P ¼ 0.140) and after (P ¼ 0.89) the protocol amendment, which increased the cell concentration prepared for loading into the surgical syringes. Although there was a trend favoring the control group in each of these post hoc Autologous macrophage trial in acute, complete SCI DP Lammertse et al analyses, in none of them was the difference between the groups significant.
Secondary outcomes
The motor and sensory secondary outcomes are shown in Table 6 . The analyses failed to show significant differences between the groups in the motor outcomes. Although the mean total motor score change was slightly greater in the control group and the proportion of cervical participants that experienced a two motor level improvement was greater in the treatment group, in neither case was the difference significant. Sensory outcomes showed significantly greater light touch score improvement in the control group and a strong trend favoring the control group in pin prick score improvement. A higher proportion of the treatment group participants showed a two sensory level improvement compared with the controls but the difference was not statistically significant. Analysis of the mean upper extremity motor score change in the cervical patients failed to show a significant difference between the groups. Similarly, there was no difference in lower extremity motor score change between the groups for thoracic patients. Analysis of sensory/motor level deterioration in the cervical participants showed 4 (3 active and 1 control) who lost one motor level unilaterally-the between-group difference was not significant (P ¼ 0.381). There were two cervical participants (both in the control group) who lost one sensory level unilaterally but the between-group difference was not significant (P ¼ 0.108).
The bowel and bladder outcomes are shown in Table 7 . The proportion of participants reporting recovery of some bladder and bowel awareness was greater in the control group but the difference was not significant. None of the study participants experienced recovery of volitional bowel or bladder control.
Exploratory outcomes
The trial included exploratory measures of activities (FIM), participation (CHART) and quality of life (SWLS) in an attempt to broaden the range of assessments beyond measures of impairment. Betweengroup differences were analyzed for final FIM and FIM change as well as the final CHART (including the Physical Independence and Mobility Subscales) and SWLS. There were no significant differences between the groups in FIM, CHART or SWLS outcomes as shown in Table 8 .
Safety Outcomes
The safety analysis set (n ¼ 44) was comprised of all participants who were still in the trial at Day 0 of the protocol when the treatment group was scheduled to have macrophage injection. Treatment group participants in the AE analysis set (n ¼ 27) included all those who underwent macrophage injection except for one whose AE data were lost after completion of the trial. In addition, this group included data from a participant who died 41 days after macrophage injection and one of the participants who did not receive treatment because of macrophage manufacturing batch failure but was followed for collection of safety data. Safety was assessed by analysis of the incidence of AEs abstracted from the clinical record and unstructured follow-up interviews that occurred during the study period as shown in Table 9 . This listing of AEs includes those that were experienced by at least 10% of the participants and is representative of complications commonly encountered in patients treated for acute SCI. Pain events were categorized by location (for example, spine, extremity) and by neuropathic vs musculoskeletal but not by severity. Between-group comparisons of individual AEs showed no significant differences. The mean number of reported AEs was 31.39 (95% CI 24.42, 38.35) for the treatment group compared with 31.00 (95% CI 22.58, 39.46) for the control group (P ¼ 0.942).
There were 15 serious AEs (SAEs)(10 treatment group, 5 control group) recorded for 10 participants during the trial as shown in Table 10 . Nine of these were deemed to be unrelated to trial participation by the investigators, two were felt unlikely to be related. In two participants, the SAEs were felt to be probably related to trial participation. In one instance, a participant with a prior cervical spine fusion who had undergone laminectomy for macrophage injection was diagnosed with late spinal instability 3 months after treatment, prompting a one-segment extension of the prior anterior fusion and addition of a posterior lateral mass fusion. The prior laminectomy was felt to be a contributing factor in the development of subsequent spinal instability. Follow-up assessment demonstrated spinal stability. In the other instance, a participant with C5 tetraplegia who underwent macrophage injection developed significant subsegmental atelectasis on the second post-operative day requiring intensive care unit transfer for bronchoscopy. The participant responded well to treatment and was returned to the ward with atelectasis resolved within 2 days. One participant developed bacterial meningitis with Enterobacter cloacae diagnosed on protocol-specified cerebrospinal fluid (CSF) culture 7 days after macrophage implantation. Sterility tests on the macrophage injection product were negative and the participant responded well to antibiotic treatment with follow-up CSF cultures showing no bacterial growth. A pre-existing dural tear and CSF leak had been noted at the time of the macrophage implantation surgery, raising the possibility of surgical infection either at the time of initial cervical spine stabilization or subsequent macrophage implantation. Five weeks after macrophage implantation, this same participant developed significant neck pain, prompting a work-up, which showed a pseudomeningocele requiring surgical exploration and repair of persistent CSF leak. This participant's SAEs were felt to be possibly related to trial treatment group assignment by the investigator.
There was one death during the trial in a participant with C6 tetraplegia who was in the treatment group. Although eligibility criteria were met, it was noted that the individual was obese, with a body mass index of 38.2 kg m -2 . The clinical course following macrophage injection was unremarkable except for Clostridium difficile colitis until the 14th postoperative day when the participant developed onset of sepsis and respiratory failure due to bronchopneumonia requiring intubation and mechanical ventilation. The participant went on to develop multisystem failure and died after life support treatment was withdrawn on the 41st postoperative day. The investigator determined that the SAE was unlikely related to participation in the trial. The postmortem examination diagnosis attributed the cause of death to be complications of tetraplegia due to cervical SCI.
DISCUSSION
On the basis of the phase 1 trial experience, it was hypothesized that this protocol for autologous incubated macrophage treatment of participants with acute complete SCI would be associated with improved neurological outcomes. The phase 2 study we report here failed to support this hypothesis. Although there was a trend noted in the primary outcome measurement favoring the control group, neither of the planned assessments met criteria for statistical significance, and as such, the null hypothesis cannot be rejected.
Perhaps, the most striking finding of this study was the extraordinary conversion rate in the control group in which 10 of the 17 participants (58.8%) converted from complete to incomplete injury status over the 6-12 month course of follow-up. Recent published analyses of existing SCI databases have typically found such conversion rates to be in the 20-30% range, 14, 15 which is similar to that found in our treatment group in which 7 of 26 (26.9%) experienced conversions to incomplete status. Although it is certainly possible that the high conversion rate in the control group is a 'true' representation of spontaneous recovery in the SCI population, clinical experience and published reports would suggest otherwise, prompting consideration of the possibility that the conversion rate was anomaly associated with the relatively small size of the group (the result of the overall small size of the trial further diminished by the 2:1 randomization scheme). Regardless, the interpretation of the results of the trial must rest on the head-to-head primary outcome comparison between the groups, and in this regard, we cannot recommend macrophage treatment of acute SCI as specified in this protocol. The secondary outcome measurements of index score change favored control group but only the light touch score change was significant. The secondary measures of sensory/motor level improvement, although more commonly achieved in the treatment group, were small in number and not significant. Measurement of bowel and bladder functional recovery similarly failed to show significant differences between the groups, either in terms of recovery of volitional control, which none of the participants achieved, or in terms of sensory awareness. Thus, from the perspective of efficacy, this trial failed to deliver on the experience of the phase 1 results. In this context, it should be noted that the protocol was significantly modified between phase 1 (which was conducted at a single center) and the phase 2 multicenter trial reported here. Perhaps most importantly there was a significant change in dose between the two trials. On the basis of unpublished animal studies performed concurrently with phase 1 investigating cell distribution after spinal cord injection of macrophages, the treatment regimen was changed from a total dose of 4 million cells delivered in four injections in phase 1 to 1.5 million cells in six injections in phase 2. These studies showed that the optimal dose was 250 000 cells per injection and that the migration of the cells was limited, prompting an increase in the number of injections. This change was intended to more effectively distribute the cell treatment across the caudal contusion boundary, targeting the region of the posterior columns, the corticospinal tracts and the spinothalamic tracts but resulted in a significant reduction in the total dose. Furthermore, the delivered dose in the first six treatment group patients in this trial was found to be only 66% of the intended number of cells. Although analysis of the primary outcome comparing participants enrolled in the 'under-dosed' and 'fully dosed' eras of the trial failed to show significant differences, the experience of this study reinforces the need for attention to optimal dosing, including its preclinical derivation with appropriate scale-up calculations, and in the confirmation of its delivery during the trial. Additionally, in contrast to the phase 1 trial, the primary outcome examiners and the investigators responsible for data interpretation (classification of AIS grade and neurological/ motor/sensory level) were formally trained and tested for reliability at the outset of this study, presumably reducing the likelihood of bias or measurement error. It should also be acknowledged that independent variables other than the macrophage intervention may have had a role in the outcome of the trial. Although there were extensive meetings of the surgeon investigators to discuss surgical variables and standardization of the macrophage injection protocol, decisions regarding neurosurgical technique such as the use of intraoperative spinal sonography for targeting, expansion duraplasty, and additional decompression were left to the clinical judgment of the surgeon. Although the study did not collect data that would allow analysis of these and other details of surgical technique to the extent that differences in approach tend to be associated with study center (in all but one center, there was a single surgeon investigator), the lack of significant center effect suggests that such surgical variables did not significantly impact the outcome of the study. Nonetheless, it is recommended that future trials of surgical interventions standardize technique variables to the extent possible and collect data on those elements that cannot be standardized to enable analysis of key surgical variables. The injection technique-use of a hand-held syringe-itself may be a confounding variable as well as a potential source of tissue damage. These concerns prompted suggestions for development of a more sophisticated standardized injection methodology with flexible tubing separating the needle from the syringe and a hydraulic injection system to enable precise calibration of volume and rate.
The rehabilitation process, both what was provided by clinicians and the effort expended by participants, may also have a role in the outcomes measured. Although we did not measure the quantity and intensity of rehabilitation treatments nor the motivation and effort of the participants, we found no reason to suspect a systematic bias that favored one group over the other. Indeed, the FIM and CHART variables, which would be expected to reflect such bias and provide the best measure of rehabilitation outcomes, showed no differences between the groups. With specific reference to the primary outcome, there is currently no compelling evidence that rehabilitation or patient effort can improve the likelihood of AIS conversion. It could be argued that strengthening exercises, if unequally delivered to the groups might result in differences in the secondary outcome of motor level or upper extremity motor score change, but no significant differences were found between the groups in these measures.
Exploratory post hoc analyses also provided some insights regarding the efficacy outcome measures themselves, specifically with regard to the functional impact of AIS conversion. In this study, there were 13 participants who improved from AIS A to B and an additional 4 who improved to AIS C. Of those who regained sufficient sensory/ motor function to be classified as incomplete, most converted purely on the basis of some combination of S4-5 sensation, ano-rectal sensation, and/or anal contraction. Only three of the incomplete participants regained any sensation in the lower extremity dermatomes L1-S3. Of those three, only one regained more than 2 of the possible 48 sensory index (Light Touch or Pin Prick) points in the lower extremity dermatomes from L1 to S3. Furthermore, none of those who improved to AIS C recovered any motor function in their lower extremities. Thus, although primary efficacy of the trial was based on AIS conversion, the functional impact of conversion in terms of improved lower extremity sensory/motor function was negligible. This finding should give pause to those who might consider use of AIS conversion as currently defined in the ISNCSCI as an outcome measure in future interventional trials. Indeed, the utility of AIS conversion as a clinical trial endpoint has been questioned previously. 16 Safety was assessed by analysis of AEs and SAEs. In spite of protocol requirements for two surgeries (skin harvest and macrophage injection), we did not find significant safety concerns in the analysis of AEs. Interestingly, although the sequence of protocol surgeries required a several day interruption of anticoagulant venous thromboembolism prophylaxis (for example, low molecular weight heparin), we did not find a significant difference of thrombotic complications between the groups. Review of the 15 SAEs showed that the majority (9) were felt by the investigators to be 'unrelated' to treatment group assignment. The four SAEs noted to be 'probably' or 'possibly' related to treatment group assignment included postoperative atelectasis, late spinal instability, bacterial meningitis, and pseudomeningocele, all serving as a reminder that the safety considerations of cell-based therapies include the method of delivery-in this case, surgery on the spinal cord requiring laminectomy and opening of the dura.
The single death in the study was determined to be due to complications of traumatic tetraplegia. This occurrence is indicative of the fragile physiological status of acute SCI patients, reinforcing the importance of safety considerations in the determination of eligibility. In this study, although safety concerns were inherent in a number of the criteria, significant obesity was not a specific criterion for exclusion. Although obesity in persons with SCI is garnering increasing scientific scrutiny, correlations with mortality risk and risk of surgical complications have not been studied. 17 Furthermore, surgical outcome studies have not established clear association with increased early mortality but have suggested a possible influence of obesity on complication risk and length of stay. 18, 19 Although it would be difficult at present to define an evidence-based threshold criterion for an obesity exclusion in SCI trials, further research in this area might justify such consideration. Autologous macrophage trial in acute, complete SCI DP Lammertse et al
Study limitations
The ability to generalize the results of this study is limited by the small number of enrolled participants. Not only was the projected enrollment based on power calculations for a phase 2 trial, but actual enrollment fell short owing to the premature termination of the project. The eligibility criteria must also be considered-many patients were excluded from participation and the results must be interpreted in the context of the subset of eligible patients. Specifically, enrollment in this trial was limited to patients with acute complete SCI within a defined range of neurological levels who had p3 cm MRI-measured contusions. Additionally, the protocol did not specify or otherwise attempt to strictly control or measure plausible independent variables such as acute treatment with high-dose steroids or the details of ancillary surgical procedures such as duraplasty and intraoperative use of ultrasound for treatment targeting. It should also be noted that the time from injury to macrophage injection was clustered at the high end of the 14-day window, limiting the ability to assess efficacy and safety for treatment delivered at earlier time frames. The rehabilitation variable, while referenced in the protocol to accomplishment of accepted functional outcomes, 12 was not effectively standardized or measured with respect to specific treatment modalities, intensity or duration of treatment.
Future Research
Although results presented here do not provide support for further clinical trials of autologous macrophage treatment for SCI, this failure to show positive results should be viewed in the context of the protocol-the manufacturing process, number of cells, and route of administration-rather than in the broader context of the underlying validity of immune modulation as a therapeutic approach. Indeed, promising preclinical research has been published since the conclusion of this trial, which may lead to clinical translation in the future. Recent reports have shown that a specific subset of blood-derived macrophages with properties similar to the cells utilized in our study appear to have an anti-inflammatory, regeneration-promoting activity in animal models of SCI. 20, 21, 22 It may be possible with further advances in this area of research to more effectively manipulate the natural process of macrophage activation resulting in production of an improved therapeutic macrophage phenotype. Importantly, these studies also suggest the possibility of alternative and less invasive methods of cell delivery (blood stream, CSF) that warrant further development. 22 The experience of this study should also provide lessons for future clinical trials with regard to the importance of standardization and measurement of key practice parameters such as surgical techniques and rehabilitation that may be important independent variables.
CONCLUSIONS
This study reports the results of the first multicenter RCT of a cell therapy for patients with acute SCI. Although there was a trend favoring the standard of care control group, the analysis failed to show a significant difference in the primary outcome between those participants who received autologous incubated macrophage treatment and those who did not. Sensory index scores showed more improvement in the control group participants but there was no significant difference in motor index scores between the groups, nor was there a difference in the exploratory measures of FIM, CHART or SWLS. There was no difference in the incidence of AEs between the groups but several of the SAEs were probably related to treatment group assignment. Although these results do not support treatment of complete SCI with autologous incubated macrophage therapy as specified in this protocol, it is hoped that ongoing preclinical research will yield improved methods of producing a therapeutic cell phenotype and less invasive cell delivery.
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